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Abstract 
 Simulation of open channel flow or river flow presents unique challenge to numerical simulators, which is widely 
used in the applications of computational fluid dynamics. The prediction is extremely difficult because the flow in 
open channel is usually transient and turbulent, the geometry is irregular and curved, and the free-surface elevation is 
varying with time.  
The results from a 3D non-linear k– İ turbulence model are presented to investigate the flow structure, the velocity 
distribution and mass transport process in a meandering compound open channel and a straight open channel. The 3D 
numerical model for calculating flow is set up in cylinder coordinates in order to calculate the complex boundary 
channel. The finite volume method is used to disperse the governing equations and the SIMPLE algorithm is applied 
to acquire the coupling of velocity and pressure. The non-linear k– İ turbulent model has good useful value because 
of taking into account the anisotropy and not increasing the computational time.  
The main contributions of this study are developing a numerical method that can be applied to predict the flow in 
river bends with various bend curvatures and different width-depth ratios.  
This study demonstrates that the 3D non-linear k-İ turbulence model can be used for analyzing flow structures, the 
velocity distribution and pollutant transport in the complex boundary open channel, this model is applicable for real 
river and wetland problem. 
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1. Introduction  
The calculation of flows in curved open channels is an important task in river engineering and related 
areas. Laboratory experiments to predict the flow field in curved channels are generally very time-
consuming, costly and, for many practical applications, very difficult to execute. Their results are 
nevertheless fundamental to calibrate and validate the numerical models.  
Until some years ago, the prediction of this kind of flows was mostly made using one dimensional or 
two dimensional depth-averaged numerical models, based on the conventional St. Venant equations, that 
assume uniform velocity and hydrostatic pressure distributions.  
Many years ago, a number of studies were carried out which assume vertical velocity or pressure 
distributions to account for the three-dimensionality of the motion. Shimizu et al. [1] assumed a 
logarithmic vertical distribution of the longitudinal. 
velocity and a hydrostatic pressure distribution to simplify their developed 3D model. The model was 
tested for an experimental flume having a 180 degree bend.  
Jin and Steffler [2] developed a 2D depth-averaged numerical model for simulating the velocity 
distribution in curved open channels. A hydrostatic pressure distribution and parabolic similarity profiles 
for the longitudinal and transverse velocities were assumed.  
Lien et al. [3] proposed a 2D depth averaged model for simulating flow patterns in channel bends, which 
takes into account the influence of the secondary flow through the calculation of the dispersion stresses.  
Ghamry and Steffler [4] developed a 2D vertically averaged model, which resolves the equations of the 
moment of the momentum too, applying different distribution shapes for velocity and pressure to simulate 
curved open channel flows.  
Recently, Direct Numerical Simulation (DNS) for open channel flows have been reported, but most of 
these simulations assume (1) that the free surface is a rigid slip surface and its vertical movement is 
neglected, as was the case in Nagaosa [5], or (2) simply apply the linearized free-surface boundary 
conditions, as in the case of Borue et al. [6]. In (LES) investigations, Kawamura [7], Kawahara [8], and 
Onitsuka and Nezu [9] also assumed that with more traditional Large Eddy Simulation (LES) there was 
no deformation of the free surface and thus applied the rigid-slip surface condition so that the methods for 
internal flows are applied with minor changes. Shen and Yue [10] modeled this approach and assumed 
small surface fluctuations, which allowed them to apply the linearized boundary conditions. Other 
approaches have been applied including Thomas et al. [11], who used the Volume of Fluid (VOF) method 
on rectangular grid to track the moving boundary and Shi et al. [12], who used the splitmerge technique, 
which combines the VOF method and the Height Function method. More recently, Nakayama and 
Yokojima [13] used a free-surface subgrid-scale model to investigate the movement of the free surface 
and the effects of its filtering. In this paper a 3D numerical model for calculating flows in curved open 
channels is proposed, that solves the fully 3D Reynolds-Averaged Navier-Stokes equations with the k-İ 
turbulence model. 
1.1. Governing equations  
To calculate the flow field, the flow is assumed to be three-dimensional, unsteady and free-surface 
viscosity flow. The flow medium is a viscous and incompressible fluid. The fluid pressure P is 
decomposed into the hydrostatic component g(Ș-z) and the hydrodynamic component p. The momentum 
and mass conservation laws (Reynolds Averaged Navier-Stokes and continuity equations) can be written 
in the conventional summation approach as: 
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where t is time, ui is the i-th component of the Reynolds averaged velocity, xi the i-th axis (with the axis x3 
vertical and oriented upward), ȡ is the water density, p is the Reynolds averaged pressure, g is the 
acceleration due to the gravity, Ȟ is the kinematic viscosity, įij is the Kronecker delta and Ĳij are the 
Reynolds stresses.  
The pressure p can be decomposed as the sum of an hydrostatic and a non-hydrostatic part: 
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Where zB is the bed elevation from an horizontal plane z=0 of reference, h is the water column depth and 
q is the non-hydrostatic pressure.  
Introducing equation (3) into equation (1), the Reynolds Averaged Navier-Stokes equations can be 
rewritten as: 
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The turbulent stresses Ĳij are calculated using the k-İ turbulence model in the ’standard’ formulation [9], 
which is based on the eddy viscosity type relation 
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Where k is the turbulent kinetic energy, Ȟt is the eddy viscosity and İ is the dissipation rate of the turbulent 
kinetic energy. The turbulent kinetic energy and the dissipation rate are obtained from the following 
equations: 
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Where P is the production of the turbulent kinetic energy given by: 
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The free surface movements are calculated according to the kinematic condition: 
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The equation 10 together with equation 4 allows calculating the free surface position at each time step.  
These equations develop a complete hydrodynamic model able to represent flow.  
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1.2.  Numerical Application  
To solve numerically the equations presented in the previous section, boundary conditions are required at 
each computational boundary. At the lateral walls and the bottom, condition of non-slip was used, while 
at the free surface, the condition of atmospheric pressure was used. As inflow conditions, both the 
velocity and the water surface elevation were imposed, whereas null normal derivatives were imposed at 
the outflow for all dependent variables.  
The inflow conditions were obtained from a previous simulation performed in a straight channel using 
periodic boundary conditions in the streamwise direction.  
The shape of the cross-section of the channel was rectangular with width 1 m and height 0.6 m. The 
radius of curvature to centerline of the section was 2 m.  
1.3.  Discussion 
 
Fig. 1  Velocity magnitude profile (m/s) 
 
 
The calculate velocity and vectors profiles are displayed in figures 1, 2& 3, it can be seen that 
the secondary flow currents, which move towards to the inner bank at the bottom and to the outer bank at 
the top, bring fluid with relatively low longitudinal momentum toward the central portion of the channel 
causing a lower velocity at the surface and the maximum velocity located at the lower part of the channel 
below the water surface. 
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Fig. 2.(a) Velocity magnitude profile on /X (m/s) ;  
 
 
Fig. 2 (b) Velocity magnitude profile on / Y (m/s)   
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Fig. 2.(c) Velocity magnitude profile on / Z (m/s) 
 
 
Fig. 3 .(a) Velocity vectors profile in different parts of the channel (m/s)  
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Fig. 3 (b) Velocity vectors profile in different parts of the channel (m/s) 
 
 
 
Fig. 3 .(c) Velocity vectors profile in different parts of the channel (m/s) 
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The figures 3,4 &5 show the fully developed turbulent kinetic energy and turbulent intensity along the 
channel , while in bending part, the main flow is firstly skewed to the inner circle and then moving 
towards to the outer circle side. The rotation of the free surface is clearly seen, with an elevation at the 
external wall and a lowering near the internal wall. 
 
 
Fig. 4 Turbulent kinetic energy (k) profile (m²/s²) 
 
 
Fig. 5 Turbulent intensity profile (%) 
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The computed energy profile is not uniformly distributed longitudinally in the channel, but varies with 
channel curvature and the turbulence models and pressure treatments. 
 
 
Fig. 6 Dynamic pressure profile (Pa) 
 
The pressure gradients due to the free-surface elevations with complex geometry of the channel are thus 
responsible for the secondary flows directed inward, while inertial effects cause the outward secondary 
flows showed in figure 6. 
 
1.4. Conclusion  
The model solves the Reynolds-averaged Navier-Stokes equations in cylinder coordinates with the 
standard k–İ turbulence model. The calculations produce the majority of the complex flow features in 
curved open channels with different slope beds.  
It is found that the code FLUENT is an effective tool for predicting flow pattern of the complex flow in 
lateral intakes.  
Experimental validation are needed to improve the capability of the model for predicting flow with 
complex boundary conditions, including varied channel curvature and cross-section configurations.  
Further studies are required to investigate the effects of bed-roughness, cross-sectional shape, meandering 
curvature, and compound channels, etc., through river reaches. 
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